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Quality assuranceThe Systematized Nomenclature of Medicine Clinical Terms (SNOMED CT) is an extensive reference ter-
minology with an attendant amount of complexity. It has been updated continuously and revisions have
been released semi-annually to meet users’ needs and to reflect the results of quality assurance (QA)
activities. Two measures based on structural features are proposed to track the effects of both natural ter-
minology growth and QA activities based on aspects of the complexity of SNOMED CT. These two mea-
sures, called the structural density measure and accumulated structural measure, are derived based on two
abstraction networks, the area taxonomy and the partial-area taxonomy. The measures derive from attri-
bute relationship distributions and various concept groupings that are associated with the abstraction
networks. They are used to track the trends in the complexity of structures as SNOMED CT changes over
time. The measures were calculated for consecutive releases of five SNOMED CT hierarchies, including the
Specimen hierarchy. The structural density measure shows that natural growth tends to move a hierar-
chy’s structure toward a more complex state, whereas the accumulated structural measure shows that
QA processes tend to move a hierarchy’s structure toward a less complex state. It is also observed that
both the structural density and accumulated structural measures are useful tools to track the evolution
of an entire SNOMED CT hierarchy and reveal internal concept migration within it.
 2015 Elsevier Inc. All rights reserved.1. Introduction
The Systematized Nomenclature of Medicine Clinical Terms
(SNOMED CT) [1] is a large and complex structure, with its January
2015 release containing about 315,904 concepts organized into 19
hierarchies. Introduced in its original form by the College of Amer-
ican Pathologists (CAP) in 1977, SNOMED CT has been proposed for
use as a standard in general encoding in Electronic Health Record
(EHR) systems. In 2007, SNOMED CT’s ownership was transferred
from CAP to the International Health Terminology Standards
Development Organization (IHTSDO).
To meet the needs of users around the world, SNOMED CT has
been continuously evolving since its creation via the merger of
SNOMED RT and CTV3 [2]. New SNOMED CT releases are publishedtwice a year, in January and July, with each release including
refinements to descriptions, enhancements of concept definitions,
and additions of new concepts. At the same time, SNOMED CT
undergoes a clinical and technical quality assurance (QA) process
conducted by IHTSDO’s Quality Assurance Committee [3]. For a
review of SNOMED CT users’ views regarding evolution and QA,
see [4].
In this paper, we examine the effects of these two kinds of mod-
ifications, namely, natural growth and QA, on the complexity of a
SNOMED CT hierarchy. Our hypothesis is that, in general, modeling
errors (e.g., missing relationships, incorrect parents) contribute to
structural disorderliness. The question is: can one expect to see a
simplification of the hierarchy structure due to the reduction of
such disorderliness after a QA regimen has been carried out? And
we would like to ask the same question concerning a natural
growth period. Toward this end, we posit a way to assess the com-
plexity of a hierarchy based on previously defined abstraction net-
works for SNOMED CT. An abstraction network is a framework
that, among other things, forms the basis for systematic QA. Specif-
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derived via structural analyses of the underlying SNOMED CT hier-
archy. In this context, two derived complexity measures are pro-
posed for quantifying the complexity of a hierarchy. One is called
the structural density measure; the other is called the accumulated
structural measure.
As a test-bed, the measures are applied to the Specimen hierar-
chy in order to track its changing complexity during the years
2004–2013. During that time, we personally carried out two QA
processes on the 2004 and 2007 releases. Also, new concepts had
been added to the hierarchy due to natural growth in the interim,
and their introduction may have indeed led to new errors. Further-
more, both editing and the QA of a hierarchy are difficult tasks,
which by themselves are never foolproof. A domain-expert auditor
may very well overlook some errors, and the editorial policies may
be incomplete or inconsistent. We look for any further impact of
this subsequent QA effort on the complexity measures in compar-
ison to the impact of the initial QA audit for the same hierarchy. An
initial report of this study appeared in [5]; however, the research
further evolved with changes in the definitions of the complexity
measures. We also look for the trend of a hierarchy’s complexity
due to the natural development of SNOMED CT and the trend
due to the mixed impact of both kinds of activities. By tracking
the structural density measure over multiple years, we are able
to identify when intensive QA activities have taken place. While
our focus is on the Specimen hierarchy, we also analyze changes
in complexities involving four other hierarchies with the use of
the structural density measure.
2. Background
2.1. Area taxonomy and partial-area taxonomy
The area taxonomy and the partial-area taxonomy [6,7] of a
SNOMED CT hierarchy are derived automatically from the respec-
tive lateral (i.e., non-IS-A) relationships exhibited by the concepts.
The partial-area taxonomy also relies on local configurations of the
IS-A hierarchy itself. Both taxonomies are based on the notion of
area, a collection of all concepts with the exact same set of relation-
ships. Such a collection is denoted by its respective list of relation-
ships (inside braces). For example, in Fig. 1(a), showing concepts
from Specimen, Lesion sample and its child Specimen from ulcer
have only one relationship morphology (not displayed). Thus, they
are grouped into the area {morphology}. Swab has only one rela-
tionship procedure and thus is in the area {procedure}. Skin swab
belongs to the area {topography, procedure} due to it exhibiting
those two relationships.
An area taxonomy is a graph structure that consists of only the
areas represented (as nodes) and hierarchical child-of relationships
connecting them. A portion of the area taxonomy for SNOMED CT’s
Specimen hierarchy corresponding to Fig. 1(a) is shown in Fig. 1(b).
The area at the top is on Level 0 (equal to its number of relation-
ships) and is named£ for the empty set of its relationships. It con-
tains all concepts with no relationships. The dashed bubbles in
Fig. 1(a), below the level of Specimen, denote area membership in
Fig. 1(b). The number of concepts in each area appears in parenthe-
ses under the name.
A root of an area is a concept, of that area, whose parents all
reside in other areas. An area may have more than one root. The
child-of relationships—the arrows in the figure—are derived from
the IS-As of the roots as described in [6].
The partial-area taxonomy extends the area taxonomy by further
refining areas with multiple roots. In addition to areas, the partial-
area taxonomy includes partial-areas, each being a set of concepts
comprising a single root and all its descendants within one area.
Fig. 1(c) is the portion of the Specimen hierarchy’s partial-area tax-onomy refining Fig. 1(b). The nodes representing the partial-areas
are embedded in the respective area nodes. A partial-area’s label is
its constituent root, which hierarchically sits atop (and thus sub-
sumes) all other concepts in the partial-area. For example,
partial-area Swab has that concept plus its six descendants in the
area {procedure}. Note that while the root concepts name the
partial-areas, the names of the non-root concepts are hidden. We
observe that in the area {procedure}, eight partial-areas are shown
in Fig. 1(c), e.g., Biopsy sample, Smear sample, and Swab. The num-
ber in parentheses alongside a partial-area name indicates its num-
ber of concepts. For example, in the area {procedure}, we see
partial-area Biopsy sample (4) whose other three non-root (hidden)
concepts are Specimen from unspecified body site obtained by biopsy,
Specimen obtained by fine needle aspiration procedure, and Specimen
from unspecified body site obtained by fine needle aspiration, which is
a child of the previous two children of the root.
The child-of relationships in the partial-area taxonomy are
defined between partial-areas and are derived from the IS-As
directed from the roots, similarly to those in the area taxonomy.
To minimize the number of arrows, we use graphical abbreviations
described in [6].
In [8], it was shown that concepts residing in more than one
partial-area (‘‘overlapping” concepts) have a higher likelihood of
being in error than other concepts. Thus, they were chosen as a
basis for a QA regimen. Furthermore, in [8], we introduced the
disjoint partial-area taxonomy in which such overlapping concepts
are extracted to form special partial-areas of their own.
2.2. Previous attempts on SNOMED CT complexity measures
The issue we are investigating is how to assess the complexity
of a SNOMED CT hierarchy. In particular, we are interested in
studying how complexity measures reflect on the evolution of a
given hierarchy over multiple releases as a result of QA regimens
and natural development of that hierarchy. One natural criterion
is a global weighting function for a hierarchy such as size (the
number of concepts) or height (number of levels in the longest
hierarchical path). Indeed, in a comparison of such measures fol-
lowing our first audit of the Specimen hierarchy in the 2004
SNOMED CT release, the number of concepts was reduced from
1056 to 1044 (July 2005 release), and the height was reduced from
12 to ten. At the same time, SNOMED CT’s total concepts went up
from 357,134 to 364,461. Furthermore, only two hierarchies of
SNOMED CT decreased in size during this period, the second of
which was the huge Clinical Finding hierarchy obtained by inte-
grating the two hierarchies Finding and Disorder. We attribute
the decrease in the size of the Specimen hierarchy, which went
against the general trend of growth in SNOMED CT during the same
period, to the correction of duplicate concept errors (such as Ear
sample and Specimen from ear) and the removal of improper con-
cepts due to our QA efforts [6,7]. The former were caused by the
failure to identify the synonymy of ‘‘sample” and ‘‘specimen” when
integrating SNOMED RT and CTV3 into SNOMED CT [9]. The errors
we found were reported to CAP and were corrected in future
releases. The reduction in height can be attributed to finding errors
in some of the most complex concepts in the hierarchy, which par-
ticipated in the longest hierarchical paths.
However, these measures are more magnitude measures than
complexity measures. The size measure accounts only for limited
QA impacts such as erroneous concepts eliminated from the hier-
archy, but not for other errors that were corrected. The size is also
influenced by concepts added to the hierarchy as part of normal
expansion. The height measure reflects only QA on a few concepts
in the longest hierarchical path. Furthermore, such global mea-
sures fail to take into account the role of lateral relationships in
the complexity of the concepts. For example, a hierarchy may keep
Fig. 1. (a) Concepts from SNOMED CT’s Specimen hierarchy (arrows are IS-As; colors denote numbers of lateral relationships for each concept: yellow = 0, green = 1, blue = 2,
red = 3); (b) excerpt of area taxonomy corresponding to (a) (a box is an area; again, colors denote numbers of relationships); (c) excerpt of partial-area taxonomy
corresponding to (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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make it simpler or more complex.
To illustrate the difficulty of using the size measure, note that
the Specimen hierarchy grew from 1044 concepts in July 2005 to
1052 in January 2007, while no special QA was done. Finally, the
number grew to 1056 (the original number in 2004) in July of
2007, before a second QA effort was applied. Having two releases
(2004 and 2007) of the same size does not necessarily imply that
they are of the same complexity.
A complexity measure of a terminological system should reflect
its level of difficulty of use and maintenance. The measure should
be based on underlying quantifiable system characteristics that are
expected to be higher when the ability to perform such activities
(including navigation, concept updates, etc.) becomes more diffi-
cult. We will restrict the range of complexity measure values to
[0,1]. Let us note that others sometimes use expanded ranges, e.
g., [0,2000] (as is done in [10]).
3. Methods
In the following, we present a basic structural complexity
function along with two derived measures: the structural densitymeasure and the accumulated structural measure. The measures
are based on lateral relationship (just ‘‘relationship,” for short)
distributions and various concept groupings that are associated
with the abstraction networks. The structural density measure is
used to help track changes in the overall complexity of a hierarchy
as it evolves over time. The accumulated complexity measure is
used to reflect the internal transitions of a hierarchy over time.
In general, we are interested in investigating a potential usage of
complexity measures as an instrument to observe the evolution
of a SNOMED CT hierarchy and track the trend of SNOMED CT
terminology development.
3.1. Structural complexity measure
We assert that a concept C with two given relationships is more
complex than a parent concept P exhibiting only one of those rela-
tionships, since concept C with multiple relationships expresses
more detailed knowledge than concept P. Similarly, we assert that
a concept C with three given relationships is more complex than a
parent concept having two out of the three relationships.
For example, as is seen from Fig. 1(a) and (c), the concept Skin
swab in the area {procedure, morphology} has a parent Swab in
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the {morphology} area. In this case, Skin swab is the specialization
of the two parents. From the complexity point of view, it is more
complex as compared to either one of its parents because it has
the extra knowledge expressed by the relationship inherited from
the other parent.
Similarly, a root concept Skin ulcer swab in the area {morphology,
topography, procedure} (see Fig. 1(a) and (c)) has three parents in
three separate areas. One parent Skin swab, with two relationships,
was mentioned above. Another parent Skin lesion sample, with two
relationships, is from {morphology, topography}. A third parent
Specimen from ulcer, with the one relationship morphology, is a
non-root concept in the partial-area Lesion sample in {morphology}.
The concept Skin ulcer swab is more complex than the one-
relationship parent Specimen from ulcer. It is also more complex
than each of the two parents with two relationships.
The higher complexity when comparing a descendant concept
to its ancestor is obvious. In general, we measure structural com-
plexity of a concept by the number of its relationships, since as
mentioned, the structure of a concept is its set of relationships.
In the context of the area taxonomy: a concept on a lower-
numbered level is simpler than a concept on a higher-numbered
level. This assumption is called the structural assumption, since it
is based on a structural feature of the area taxonomy. In measuring
structural complexity by the number of relationships, independent
of their kind, we extend the notion of higher structural complexity
from the case of comparing a child concept to its parent concept to
the case of comparing any pair of concepts, where the first has
more relationships than the second. The justification for this gen-
eralization is that, even in the first case, the reason for the higher
complexity of the child is its extra relationship. The area levels of
the area taxonomy serve to partition the concepts of the hierarchy
according to their numbers of relationships, and thus partitioning
the concepts according to their structural complexity. If, as a result
of a QA phase, we see an increase in the number of concepts in a
lower-numbered area level of a hierarchy at the expense of a
decrease in the number of concepts in a higher-numbered area
level, then this change can be interpreted as a simplification of
the hierarchy structure. Such a change may occur when discover-
ing an unnecessary relationship for a group of concepts. Of course,
a concept must first be modeled with all its necessary relation-
ships. A simpler representation of a concept is seen as a desired
quality in the modeling of a terminology, but is only secondary
to correctness. Hence, the QA process should not seek to delete
required relationships just for the sake of simplification. However,
as a result of QA, where relationships of concepts are removed or
added, we expect to see changes in the structural complexity.
Hence, we are looking for a complexity measure that will enable
the comparison of two states of the same SNOMED CT hierarchy as
it evolves over time. We are interested in a measure that reflects
the number of concepts in the various levels and the changes to
those numbers due to the migration of concepts from one level
to another (as their relationships change) as a result, for example,
of QA. This is different from, say, a global complexity measure that
just reflects the total number of relationships in a hierarchy and
their partition into levels. Such a related measure is of course also
important and will be introduced later.
To formalize this measure, we defined the structural complexity
function S(x,H), which is a function from the non-negative integers
and a hierarchy to the number of concepts with the corresponding
number of relationships, where x represents a level and H is a
hierarchy. That is, S(x,H) is the number of concepts on Level x of
the area taxonomy of hierarchy H. When there is no ambiguity
regarding H, we will often omit it. For a given hierarchy of Levels
0, 1, 2, . . ., m, we often write the sequence (S(0),S(1), . . ., S(m)).The function S is a structural measure as it depends solely on the
number of relationships, not on their kind. It is a global structural
measure for the complexity of the hierarchy because it is depen-
dent on all concepts and their respective structure. To interpret
the structural complexity: if more concepts lose relationships than
gain relationships, then in the area taxonomy, there is an increase
in the number of concepts in lower-numbered levels and a
decrease in the number of concepts in higher-numbered levels.
In this case, we say that the complexity function is going through
a downward weight-shifting toward the lower-numbered levels;
we say that the structural complexity is reduced.3.2. Structural density measure
To measure the complexity of an entire hierarchy, we define the
structural density measure SD, which is a complexity measure with
respect to the average number of relationships per concept (AVGrel)
as follows:
SDðHÞ ¼ 1 1AVGrel ¼ 1
Pm
i¼0Sði;HÞPm
i¼0i  Sði;HÞ
; AVGrel  1SDðHÞ ¼ 0; otherwise:
where m is the highest level in H. The interpretation of SD(H) is as
follows: if the average number of relationships per concept
decreases, then SD(H) also decreases and it implies a simplification
of the structure; otherwise, it implies an increase in the structural
complexity. Hence, when the structural complexity function goes
through a downward weight-shifting, SD(H) also decreases. We
see that in the rare case where the average number of relationships
AVGrel is less than 1, we define SD(H) = 0 to ensure 0 6 SD(H) 6 1.3.3. Accumulated structural measure
The structural density measure is still not completely satisfying
since it fails to reflect the impact of concepts’ migrations from one
level to another when the hierarchy is transformed from one state
to the next. For instance, there was a large increase in the number
of concepts on Level 1 for the July 2007 SNOMED CT. A reason for
this phenomenon was a ‘‘weight shifting” from the higher-
numbered Level 3 toward the lower-numbered Level 1. The condi-
tion where one element of (S(0), S(1), . . ., S(m)) increases while
another element decreases does not communicate the decrease
in structural complexity that took place. To reflect the above
described downward weight-shifting phenomenon, an accumu-
lated structural measure is desirable, which not only measures
the changes in the number of concepts at the different levels but
also reflects the direction of the migration.
We would like to define a structural complexity measure that
will enable a comparison of two states of the same SNOMED CT
hierarchy and express the situation where a hierarchy in one state
is more complex than in another. Consider, for example, a down-
ward weight-shifting transformation that occurs when, say, 20
concepts on Level 2 in a hierarchy H at time t (denoted Ht) have lost
one relationship at the state t + 1. In such a case, the total number
of concepts in Ht and in Ht+1 is equal, and we would consider Ht+1 to
be structurally less complex. However, the structural complexity
function S does not express this fact. To illustrate this, assume that
Ht has five levels with 50 concepts each. Then the S sequence for Ht
is (50,50,50,50,50), and it is (50,70,30,50,50) for Ht+1. By compar-
ing these sequences, it is not possible to judge which is more com-
plex since S(1,Ht+1) > S(1,Ht), but S(2,Ht+1) < S(2,Ht) (while all
other components are equal).
Table 1
Structural complexity function for Specimen hierarchy (2004 vs. 2007).
Level (l) # Concepts (2004) #Concepts (2007)
S(l) S(l)
0 29 21
1 399 468
2 430 517
3 194 48
4 4 2
Total 1056 1056
Table 2
Accumulated structural measure for Specimen hierarchy (2004 vs. 2007).
Level (l) # Concepts (2004) #Concepts (2007)
Sc(l) Sc(l)
0 29 21
1 428 489
2 858 1006
3 1052 1054
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sure that can quantify that Ht+1 is less complex than Ht, we define
the accumulated structural measure function Sc from S as follows:
Scð0;HÞ ¼ Sð0;HÞ;
And for j = 1, . . ., m
Scðj;HÞ ¼
Xj
i¼0
Sði;HÞ
In sequence notation with respect to all levels, we get
(50,100,150,200,250) for Ht from Sc and (50,120,150,200,250)
for Ht+1. In this case, Sc(1,Ht+1) > Sc(1,Ht), while all other compo-
nents are equal.
In general, for two hierarchy states Ht and Ht+1 of the same total
number of concepts, and with m levels, we say Ht+1 dominates Ht if
(1) There exists p (0 6 p<m) such that "i, p 6 i 6m, Sc(i,Ht+1)P
Sc(i,Ht).4 1056 1056
Total 1056 1056and
(2) There exist j and k such that "i, j 6 i 6 k, Sc(i,Ht+1) > Sc(i,Ht).
According to condition (1), Sc(i,Ht+1)P Sc(i,Ht) is only required
beyond the Level p. Condition (2) states that there exists an inter-
val of (k  j + 1) levels above p reflecting an overall downward
weight-shifting transformation from Ht to Ht+1.
When Ht+1 dominates Ht, we say that the hierarchy state Ht is
structurally more complex than the hierarchy state Ht+1. Such a
transformation may involve a simple downward weight-shifting
between two consecutive levels, as in the example above, or it
may involve more complex transformations. For example, some
concepts in Level 2 might lose one relationship while fewer con-
cepts in Level 1 gain one relationship, so that the net change is a
downward weight-shifting. Other more complex transformations
may involve more than two levels, e.g., a net downward weight-
shifting from Level 2 to Level 1, a net downward weight-shifting
from Level 3 to Level 1, and a net downward weight-shifting from
Level 3 to Level 2. For such a combination of two or three down-
ward weight-shiftings, there will be an interval [1,2] of indices
such that Sc(i,Ht+1) > Sc(i,Ht), for 1 6 i 6 2. (Note that in such a case,
Sc(3,Ht) = Sc(3,Ht+1), due to the accumulative nature of Sc.)
Now let us illustrate the domination between two actual states
of the Specimen hierarchy for the July 2007 release and the July
2013 release of SNOMED CT. Table 1 shows the structural complex-
ity function S for the Specimen hierarchy of July 2004 and July
2007, a duration when our QA efforts [6,7] took place. Comparing
the values, we see that S is larger for Levels 1 and 2 in 2007, while
in 2004, it is larger for Levels 0, 3, and 4. Thus, one cannot conclude
which hierarchy state is more complex.
Table 2 shows a similar comparison for Sc. Here, we see a clear
domination of the hierarchy for 2007 over 2004, implying that the
Specimen hierarchy of 2007 is structurally simpler. Hence, in this
case, the QA effort helped to turn the Specimen hierarchy into a
structurally simpler hierarchy.
We note that in case Ht+1 dominates Ht, Ht+1 will also have a
lower structural density measure since the denominatorPm
i¼0i  Sði;HÞ is decreased in Ht+1 while the numerator does
not change. For example, SD(H) for the Specimen hierarchy was
decreased from 1 – 1056/1827 = 0.422 in 2004 to 1 – 1056/1654 =
0.362 in 2007.
The conditions (1) and (2) are given for the case where the total
number of concepts in Ht+1 is equal to that in Ht. In case the num-
ber of concepts in Ht+1 is smaller or larger than in Ht, a scaling will
be needed to bring the number of concepts in line to enable a com-
parison. Note that we are using scaling as a form of normalization
in order to maintain the measures in units of concept counts. For
the scaling, we look at the percentage of the number of conceptsin each level. The scaling is illustrated with the July 2013 release
of 1431 concepts, to be compared with the July 2007 release of
1056 concepts. Table 3 shows the computation involved in the
scaling.
The percentage of the levels appears in column 3. The level dif-
ference (up or down) between the number of concepts in the two
hierarchy states is distributed between the levels according to their
percentages. Column 4 shows the proportional distribution of the
375 (=1431–1056) concepts among the levels. For example, the
number at Level 1 is 113 (=375 ⁄ 30%). The number of concepts
in the new hierarchy state is modified (up or down) according to
the level differences to yield a proportional distribution of the
number of concepts in hierarchy state Ht, according to the level
percentages of hierarchy state Ht+1. The last column of Table 3
shows the scaled level numbers obtained in reducing the size of
Ht+1 (1431) into the size of Ht (1056). For example, before scaling
the actual number of concepts on Level 1 (July 2013) is 426, which
is 30% of the 1431 concepts; after scaling the number of concepts
at Level 1 becomes 313, which is also 30% but with respect to
the scaled-down total of 1056 concepts. The scaling enables a fair
comparison of the cumulative structural complexity functions of
two hierarchy states of different sizes to check for possible
domination.4. Results
4.1. Using the structural density measure to track natural terminology
growth
We applied the complexity measures to compare the state of
the Specimen hierarchy over a long period of time, irrespective of
any QA. In particular, we compared the versions from July 2007
to that of July 2013, which is presented in Fig. 2. During that
seven-year interval, the number of concepts grew from 1056 to
1431, while the number of relationships grew from 1654 to 2742
(with the average number of relationships per concept growing
from 1.75 to 1.91). This growth is reflected by the structural den-
sity measure, which increased from 0.361 to 0.478.
We also compared the structural density measure across differ-
ent hierarchies in SNOMED CT for the July 2013 release, which is
shown in Table 4. According to the definition of the structural den-
sity measure, the larger the value, the more complex the hierarchy.
Table 3
Scaling for the 2013 Specimen hierarchy.
Level # on Level % of Level Proportional level reduction Scaled #
0 29 2 8 22
1 426 30 113 313
2 624 44 165 459
3 340 24 90 250
4 12 0 0 12
Total 1431 100 375 1056
Fig. 2. Structural density measure for Specimen hierarchy over seven years of
releases.
Table 4
Structural density measures for five SNOMED hierarchies for July 2013.
Hierarchy (H) # Concepts Avg. # Rels SA(H)
Situation 6209 3.118 0.679
Pharmaceutical 17,146 1.576 0.365
Procedure 56,358 2.392 0.582
Specimen 1431 1.916 0.478
Clinical Finding 99,230 1.805 0.446
Fig. 3. Structural density measures for Situation, Pharmaceutical, Procedure,
Specimen, and Clinical Finding hierarchies over seven years.
Table 5
Structural complexity measure (2004, 2013).
Level (i) S(i, H2004) S(i, H2013)
0 29 22
1 399 313
2 430 459
3 194 250
4 4 12
Total 1056 1056
Table 6
Accumulated structural measure (2004, 2013).
Level (i) Sc(i, H2004) Sc(i, H2013)
0 29 22
1 428 335
2 858 794
3 1052 1044
4 1056 1056
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make-up of a hierarchy. If two values are relatively close, then it
would not be justified in deeming one hierarchy more complex
than the other. However, a clear difference allows us to make an
initial judgment about which hierarchy is more complex. For
example, as demonstrated in the table, the Situation hierarchy is
structurally more complex than the Pharmaceutical hierarchy,
since the structural density measures for Situation and Pharmaceu-
tical hierarchies are 0.679 and 0.365, respectively.
Additionally, we applied the structural density measures to the
above five hierarchies to track the natural development of those
hierarchies over multiple years’ development, which is shown in
Fig. 3. As shown in the figure, in general, all five hierarchies
demonstrate a trend of increasing complexity over the seven years.
Some of the hierarchies, such as Situation, Specimen, and Pharma-
ceutical, present ‘‘inflection points” at some specific year.1 This
phenomenon will be discussed below.4.2. Using the accumulated structural measure to track concept
migrations within a hierarchy
To obtain the more detailed picture about what happened at the
various levels, it helps to compare the structural complexity mea-
sure and accumulated structural measure for the two releases. (As
discussed, scaling down is used for the July 2013 release due to its
greater number of concepts (see Table 3)).
The values of the structural complexity and the accumulated
structural measure are given in Tables 5 and 6, respectively. In1 An inflection point is a point on a curve at which the curve changes from being
concave (concave downward) to convex (concave upward), or vice versa.Level 1, there were 313 concepts (after scaling) in July 2013 in
comparison to 399 in July 2004. As shown in Table 6, the accumu-
lated structural complexity values for Level 1 were 335 and 428,
respectively. The main change in the structural complexity is due
to the growth of Level 3 at the expense of Level 1. When consider-
ing the absolute number of relationships, growth occurred in all
levels except Level 0, but it was highest for Level 3 and also mean-
ingful for Level 2. From Table 6, we see that H2004 dominates H2013
for all levels. Hence, H2013 is structurally more complex.
Two QA efforts were conducted on SNOMED CT’s Specimen
hierarchy. In the first, various QA techniques were applied to the
July 2004 release. The techniques and results were documented
in [6,7]. The July 2007 release reflects the correction of the
Table 7
Structural complexity measures S(i, H) for 2004, 2007, and 2008.
Level (i) S(i, H1) S(i, H2) S(i, H3)
0 29 21 18
1 399 468 357
2 430 517 405
3 194 48 264
4 4 2 12
Total 1056 1056 1056
Table 8
Accumulated structural measure for 2004, 2007, and 2008.
Level (i) Sc(i, H1) Sc(i, H2) Sc(i, H3)
0 29 21 19
1 428 489 378
2 858 1006 755
3 1052 1054 1046
4 1056 1056 1056
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rate efforts, took place on the 2007 Specimen hierarchy. During
the first effort, all partial-areas of one concept (singletons) were
reviewed. In the second and third efforts, all overlapping concepts
of partial-areas and a set of non-overlapping concepts of a control
sample, respectively, were reviewed. These efforts were reported
in [8,11]. As with the audit on the 2004 version, corrections of
errors that were found in all three efforts for the 2007 release
are reflected in the July 2008 release.
To assess the impact of the first QA effort on the complexity of
the Specimen hierarchy, we will compare the complexity measures
for 2004 and 2007. Similarly, to assess the impact of the second QA
effort, we will compare the complexity measures for 2007 and
2008. For convenience, we will refer to the states of the Specimen
hierarchy as H1 for 2004, H2 for 2007, and H3 for 2008.
Table 7 compares the number of concepts of all different levels
for the three states of the Specimen hierarchy. For example, on
Level 1 and Level 2, the values of the structural complexity func-
tion S(1,H2) and S(2,H2) reflect a large increase for concepts with
one and two relationships in 2007, representing many more con-
cepts with lower structural complexity as compared to 2004. The
increase for Levels 1 and 2 is from 399 and 430 in 2004 to 468
and 517 in 2007, respectively. These increases are balanced by
the decrease in concepts on Level 3 from 194 in 2004 to 48 in
2007. The total number of concepts of H1 and H2 is the same, fol-
lowing the initial decrease and subsequent increase due to changes
in intermediate states as reported earlier. So the total number of
concepts of H1 and H2 is equal by coincidence.
Interestingly, the picture is reversed when comparing H2 and
H3. A large decrease occurs for Levels 1 and 2, balanced by an
increase in Levels 3 and 4. Note that the number of concepts in
the Specimen hierarchy in 2008 was actually 1173, and the 1056
total listed for H3 in Table 7 reflects the scaling operation (see Sec-
tion 3) as reported in Table 3.
We note that the decreases in S(1,H3) and S(2,H3) in 2008 from
the corresponding numbers in 2007 are not as sharp as they seem
from Table 8, which shows the scaled-down numbers. The actual S
(1,H3) = 397 and S(2,H3) = 450 (see Table 3) still reflect a decrease
versus H2, but are in line with S(1,H1) = 399 and S(2,H1) = 430.
Table 8 shows the accumulated structural measures Sc for H1,
H2, and H3. As already shown in Section 3 above, H2 dominates
H1, implying that H2 is a less structurally complex hierarchy state.
On the other hand, H2 also dominates H3. Hence, H3 is a more com-
plex hierarchy state than H2. When comparing H1 and H3, we see
that H1 dominates and is thus less complex than H3. Hence, H3 is
the most structurally complex hierarchy state of these three states
for the Specimen hierarchy.
The structural density measures for H1, H2, and H3 is 0.422,
0.362, and 0.474, respectively, again showing H3 is the most struc-
turally complex of the three states.5. Discussion
In this paper, we set out to define complexity measures for a
SNOMED CT hierarchy and explore the changes in those measures
as the hierarchy goes through QA and experiences natural growth.
We introduced one basic structural measure along with two
derived aggregates.5.1. Interpretation
When doing QA work, we eliminate or change incorrect knowl-
edge elements and add missing ones. The idea of a connection of
some sort between QA and complexity stems from the possibility
that errors in the modeling of concepts cause some disorderlinessin the knowledge of a hierarchy. If so, the auditing may help to
decrease disorderliness. If disorderliness is expressed by an
increase in complexity of a hierarchy, then perhaps QA will be
manifested as a decrease in the complexity of the hierarchy.
However, one needs to be aware that complexity also relates to
how extensive and involved the knowledge represented in the
hierarchy is, and is not necessarily quantifying errors. Hence, the
connection between QA and complexity may be subtle, depending
on the kind of QA efforts applied, and also on any further develop-
ment that has taken place in a hierarchy. Furthermore, there may
be differences between an initial audit phase and a subsequent
audit phase.
As we saw in Section 4, there is a difference in the changes
between the two QA periods tracked in this study. The first QA
phase yields a decrease in complexity measures of both kinds. First,
let us concentrate on the structural density measures. The struc-
tural density measure was reduced from 0.422 to 0.362 reflecting
a reduction of 203 relationships (from 1857 to 1654) between
2004 and 2007. (This count does not include occurrences of multi-
ple targets for the same relationship with respect to the same
source concept, which are not reflected in the definition of the
structural complexity.) The reduction of 203 erroneous relation-
ships in a hierarchy of 1056 concepts is a meaningful improvement
in both quality and simplicity. The amount of incorrect relation-
ships is even higher than it seems to be if one also considers the
relationships that were found to be missing and were subsequently
added, since those cancel the impact of the same number of
deleted relationships. Obviously, it is imperative that concepts
have the correct relationships, even if it makes them more com-
plex. To illustrate such an example, in 2004, the partial-area Spec-
imen from digestive system had an extraneous identity relationship
that was subsequently removed from its 38 concepts [6]. This
improvement in structural complexity obtained by the movement
of concepts from Levels 3 and 4 to Levels 1 and 2 (see Table 7) is
properly captured by the accumulated structural measure for
which H2 dominates H1 (see Table 8). Hence, as a result of the
2004 QA phase, the Specimen hierarchy became structurally sim-
pler. That is, in parallel to many errors being corrected, the hierar-
chy’s concepts became less structurally complex. The average
number of relationships per concept was reduced from 1.76 to
1.57.
The picture for the second QA phase applied for the 2007 Spec-
imen hierarchy is very different. The structural density measure
increased even beyond the original 2004 level. For example, the
D. Wei et al. / Journal of Biomedical Informatics 57 (2015) 278–287 285structural density measure grew to 0.474, 30% higher than in 2004.
This increase is well reflected by the accumulative structural mea-
sure, where H3 is dominated by both H1 and H2, that is, H3 is more
complex than both.
An obvious question is: what is the reason for such a change in
the number of relationships between the first QA audit and the sec-
ond. In 2004, we did not audit overlapping concepts but we
audited singletons and other small partial-areas. We discovered
so many incorrect relationships that after accounting for the added
relationships, we still had a net decrease of 203 relationships.
One possibility is that incorrect relationships, that need to be
deleted (i.e., errors of commission), are relatively easier to detect
than missing relationships that need to be included (i.e., errors of
omission). The erroneous knowledge asserted by incorrect rela-
tionships is perhaps sticking out like a sore thumb. These relation-
ships are detectable even on a cursory review. On the other hand,
to detect a missing relationship, one has to absorb all the existing
knowledge and then surmise that some is missing, which can be a
much more demanding mental task. Hence, we assume that almost
all incorrect relationships were discovered in the 2004 audit, while
only a portion of the missing relationships were uncovered and
added in that initial QA phase. Also, we see that a net of 117 con-
cepts were added to the Specimen hierarchy during this period,
which we attribute to the routine developmental work done by
CAP (which maintained SNOMED CT at the time). In summary,
the period of 2007–2008 was not a period of just QA activity but
one of combined development and auditing. Hence, it is difficult
to isolate the impact of QA itself on the complexity.
Another interesting phenomenon is manifested by tracking the
structural density measure over seven years’ releases for five
SNOMED CT hierarchies (Specimen, Situation, Pharmaceutical, Pro-
cedure, and Clinical Finding) as shown in Fig. 3. ‘‘Inflection points”
can be seen in the Pharmaceutical, Specimen, and Situation hierar-
chies, all of which experienced QA processes during the measure-
ment period. For example, QA took place in 2009–2010 to
improve the Pharmaceutical hierarchy in its use in delivering bet-
ter health care to people and support the representation of drugs,
with a perspective closer to patients. This QA process was docu-
mented in IHTSDO’s Collaborative WorkSpace [12,13]. Before this
QA, the structural density measure increased due to the fact that
174 new concepts were added to the higher-numbered levels in
the Pharmaceutical hierarchy. On the other hand, the QA process
eliminated some unnecessary relationships, and thus it showed a
declining trend afterward. The Specimen hierarchy also shows an
inflection point during the years 2007–2008 due to QA, which
was discussed above.
5.2. Comparison with existing complexity measures
Some existing complexity measures, mainly based on the quan-
tity, ratio, and correlation of concepts and relationships, have been
used to evaluate ontologies, particularly from the viewpoint of
evolution [14,15]. In [10], a simple cognitive complexity model
was introduced to determine the cognitive complexity of justifica-
tions for entailments of OWL ontologies.
We compared our measures with the l values and q values
mentioned in [14,15]. Our proposed structural density measure
focuses on relationship density, and similarly l measures average
relationships per concept. So when tracking the evolutions of the
SNOMED CT hierarchies analyzed herein using both measures,
the trends are observed to be consistent (see Figs. 3 and 4(a)).
However, when we compare the evolutions of structural density
measure with q, the average paths per concept (see Figs. 3 and 4
(b)), we find that the trends tend to be varied depending on the
particular hierarchy. For the Pharmaceutical hierarchy, the trends
are consistent with a stable increase over the seven years. For somehierarchies, such as Procedure, the trend for the structural density
measure shows a stable increase whereas the trend for the q mea-
sure shows an initial increase during the years 2007–2008 and
later decreases during 2011–2012. This difference is due to the fact
that the structural density measure and q focus on different
aspects. The latter focuses on definitional relationship density,
while the former focuses on hierarchical relationship density. None
of the existing complexity measures can reflect internal migration
within a hierarchy as does our proposed accumulated structural
measure.5.3. Limitations and future work
In this paper, we concentrated on structural aspects of SNOMED
CT and their impact on complexity measures as reflected explicitly
by the levels of the partial-area taxonomy. However, as an abstrac-
tion network [16], the PAT has hierarchical semantic clustering
aspects in addition to its structural aspects. The duality is mani-
fested by the areas for the structural features and the partial-
areas for the hierarchical clustering features. In the future, we
are going to concentrate on introducing complexity measures that
factor in the hierarchical clustering.
In this work, we have shown that the Specimen hierarchy of
SNOMED CT became simpler according to our complexity mea-
sures due to an initial QA effort. The situation for a subsequent
QA effort was a mixed result due to several issues discussed above.
More experiments with other hierarchies of SNOMED CT or similar
terminologies (e.g., NCIt) are needed to further study the connec-
tion between complexity and the impact of QA on a hierarchy of
a DL-based terminology [17–19] such as SNOMED CT. In particular,
in [20], QA was performed on the ‘‘bleeding” subhierarchy of Clin-
ical Finding with a focus on its overlapping concepts. That work
provides perspective on the impact of QA on overlapping concepts
in another hierarchy.
A major limitation of our suggested complexity measures is that
they are not applicable to SNOMED CT hierarchies without outgo-
ing relationships. Eleven out of the 19 hierarchies (e.g., the Physical
Object hierarchy) fall into this category. The concepts of these hier-
archies just serve as targets for the relationships from other hierar-
chies. Thus, the area taxonomy and the partial-area taxonomy are
not defined for them. (In [21], we introduced the ‘‘converse
abstraction network” to handle such hierarchies.) Hence, neither
of the two complexity measures is applicable. It is a research prob-
lem to identify what aspects of such a hierarchy need to be
reflected in a complexity measure. The recently introduced Tribal
Abstraction Networks for such SNOMED CT hierarchies [22] may
point to an interesting direction.
A particular problem we encountered was in reporting the com-
plexity measure for the period 2007–2008, during which time the
Specimen hierarchy went through three separate audits and, evi-
dently, regular content development performed by CAP. We note
that, potentially, these two activities may influence changes in
the complexity measures in different ways. A future research prob-
lem is to investigate the impact of content development on com-
plexity measures of a hierarchy. We expect a different impact
from that of QA due to several factors. We also expect different
impacts in early development stages versus later stages. For exam-
ple, in early stages, new concepts are expected to be less complex
(with few relationships), while in later stages, many simple con-
cepts are already in the hierarchy and typically more complex con-
cepts (with relatively more relationships) are added. Also, in earlier
stages, many new concepts are expected to be roots of new partial-
areas, while in later stages concepts are mostly joining existing
partial-areas. Such phenomena will influence the complexity mea-
sures differently.
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when a hierarchy goes through the different processes. For exam-
ple, in the SNOMED CT releases of July 2008, July 2009, July 2010,
and July 2011, July 2012, and July 2013, we observed the following
numbers of concepts in the Specimen hierarchy, respectively:
1173, 1236, 1266, 1330, 1331, and 1431. To our knowledge, there
was no QA activity for this hierarchy during this period. Hence, the
period from July 2008 through July 2013 represented a time of just
content development, for which one could investigate the impact
on the complexity measures.
Another interesting research problem is what will happen if a
QA effort were to target the new concepts added to the Specimen
hierarchy during a phase of content development, as for this period
of July 2008–July 2013. Would we see a decrease in the complexity
due to such an audit, as we saw for the initial audit of 2004?
We observed an increase in the structural complexity when
comparing the releases of 2013 to that of 2004. This is not unex-
pected because concepts added later in the hierarchy’s life cycle
tend to be more complex and have more relationships, since the
simpler ones in the lower-numbered levels already exist. The cohe-
siveness of the hierarchy tends to improve over time since con-
cepts added later, more often joining existing partial-areas than
establishing new ones.
However, this broad range comparison overlooks important
facts that were exposed when tracking the impact of QA efforts.
For example, the structural complexity declined at first due to
the initial 2004 audit, but later increased. These observations sup-
port our opinion that more refined analysis is needed to reflect dif-
ferent change patterns for QA versus content development.
Furthermore, there are differences between changes occurring dur-
ing the initial periods of a hierarchy’s cycle and later periods when
the hierarchy is in a more mature state. Such differences exist for
both QA activity and content development activity.We had the option of auditing the July 2005 release instead of
the July 2007 release. During the July 2004–July 2005 period, the
Specimen hierarchy seemed to have gone strictly through auditing,
as reported in [6,7]. The following two years of release periods
showed very slow growth of 12 concepts. We are not sure if these
12 concepts were added as a result of our QA reports or some other
QA performed by CAP, or just reflected a slow development pro-
cess. We decided to use the July 2007 release as both ending the
first QA period (of 2004) and starting the second QA period (ending
July 2008) for several reasons. First and foremost, the impact of the
addition of the 12 concepts seems negligible compared to the
major changes that resulted from auditing, as described in Sec-
tion 4. Second, it was simpler to deal with only three states of
the hierarchy, where H2 represented both the end of the first per-
iod and the beginning of the second. Otherwise, we would have
needed to process the July 2005 version, as the end state for the
first QA period, and deal with the increase in size (from 1044 con-
cepts to 1056). The third reason was that the coincidence of H2 and
H1 having the same number of concepts enabled the direct com-
parison of the structural complexity measures of 2004 and 2007
without introducing scaling. This simplified the presentation of
the results.6. Conclusion
The structural density measure and the accumulated structural
measure were introduced to quantify the complexity of a SNOMED
CT hierarchy. They are based, respectively, on characteristics of the
area taxonomy and partial-area taxonomy abstraction networks
that we previously introduced. Both measures are derived auto-
matically via analysis of structural aspects of the hierarchy.
The suggested measures offer quantitative ways to track a hier-
archy’s natural growth and QA efforts by showing the changes over
time. In particular, we focused on the changes occurring to the
Specimen hierarchy. We also analyzed and compared the changes
in four other hierarchies. The structural density measure shows
that natural growth moves a hierarchy’s structure toward a more
complex state, whereas the accumulated structural measure shows
that QA processes tend to move the hierarchy’s structure toward a
less complex state. It is also observed that both the structural den-
sity and accumulated structural measures are useful tools to track
the evolution of an entire hierarchy, and they can also be useful in
revealing changes in the complexity within a SNOMED CT
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